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NEUROG?2 Drives Cell Cycle Exit of Neuronal Precursors by
Specifically Repressing a Subset of Cyclins Acting at the G, and S
Phases of the Cell Cycle

Marine Lacomme,? Laurence Liaubet,® Fabienne Pituello,® and Sophie Bel-Vialar?
Centre de Biologie du Développement, CNRS UMR5547, Toulouse, France,® and Laboratoire de Génétique Cellulaire, INRA UMRA444, Castanet Tolosan, France®

Proneural NEUROG2 (neurogenin 2 [Ngn2]) is essential for neuronal commitment, cell cycle withdrawal, and neuronal differen-
tiation. Although NEUROG?2’s influence on neuronal commitment and differentiation is beginning to be clarified, its role in cell
cycle withdrawal remains unknown. We therefore set out to investigate the molecular mechanisms by which NEUROG2 induces
cell cycle arrest during spinal neurogenesis. We developed a large-scale chicken embryo strategy, designed to find gene networks
modified at the onset of NEUROG2 expression, and thereby we identified those involved in controlling the cell cycle. NEUROG2
activation leads to a rapid decrease of a subset of cell cycle regulators acting at G, and S phases, including CCND1, CCNE1/2, and
CCNA2 but not CCND2. The use of NEUROG2VP16 and NEUROG2EnR, acting as the constitutive activator and repressor, re-

spectively, indicates that NEUROG?2 indirectly represses CCND1 and CCNE2 but opens the possibility that CCNE2 is also re-
pressed by a direct mechanism. We demonstrated by phenotypic analysis that this rapid repression of cyclins prevents S phase
entry of neuronal precursors, thus favoring cell cycle exit. We also showed that cell cycle exit can be uncoupled from neuronal
differentiation and that during normal development NEUROG?2 is in charge of tightly coordinating these two processes.

ne important challenge in neurobiology is to understand how

different types of postmitotic neurons, with distinct cellular
and physiological properties, are generated in the developing cen-
tral nervous system (CNS) from a pool of dividing neural progen-
itors. The embryonic spinal cord is a good model to tackle these
issues, because the role of extracellular signals and transcription
factors in neuron specification and differentiation is relatively well
defined. This structure is derived from the neural tube, a single
pseudoepithelium that will sequentially give rise to a large variety
of neurons and glial cells dedicated to serve specific functions in
the adult. Neurogenesis is achieved via a succession of steps that
follow a stereotypic temporal order. A neural progenitor is com-
mitted to a neuronal fate at the expense of a glial fate and becomes
a neuronal precursor. Concomitantly, this neural progenitor is
destined to differentiate into a specific neuronal subtype. Soon
after, neuronal precursors stop cycling and initiate their differen-
tiation to give rise to postmitotic differentiated neurons.

The main positive regulators of vertebrate neurogenesis are
proneural transcription factors of the neural basic helix-loop-he-
lix (bHLH) family, including neurogenins (NeuroG1/2/3) (5, 35).
They control different steps of neurogenesis, such as neuronal
commitment, cell cycle exit, subtype specification, and neuronal
differentiation (5, 35, 42). In the spinal cord, loss-of-function
studies have shown that NEUROG2 is involved in the acquisi-
tion of motoneuron and interneuron fates (46). Together with
NEUROGI1, NEUROG?2 also controls neuronal differentiation as
shown by theloss of neurons in NeuroG1/2 double knockout mice
and by the presence of ectopic neurons, when NEUROG?2 is mis-
expressed in the proliferative zone of the neural tube (35, 38, 42).
Proneural proteins also trigger cell cycle exit of neural progenitors.
Hence, overexpression of NEUROG?2 in the chick neural tube
leads to premature cell cycle arrest as revealed by the lack of BrdU
incorporation in NEUROG2 misexpressing cells (38, 40). This
proliferation arrest is always linked to neuronal differentiation,
making it difficult to know whether cell cycle exit is necessary or
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sufficient to trigger neuronal differentiation or whether it is an
independent event directly controlled by NEUROG2.

Control of these different cellular processes by NEUROG2 im-
plies that it regulates a large panel of genes performing different
functions. Neurogenins are transcriptional activators that dimer-
ise with the ubiquitous bHLH proteins E12 or E47 to bind to the
E-box consensus DNA motifs in the regulatory regions of their
target genes (19). They can also exert their regulatory activity in-
dependently of DNA binding, via a protein-protein interaction
with CBP/p300 as described in cortical cell migration or gliogen-
esis (17, 49). NEUROG1/2’s earliest action is to trigger the
NOTCH signaling pathway and the lateral inhibition process, in
order to control the balance between progenitor and differentiat-
ing states (25). Hence, it upregulates NOTCH ligands such as
DLLI, JAGI, and JAG2, which trigger neuronal commitment in
the cells in which they are expressed, and activates the NOTCH
signaling cascade in neighboring cells. NEUROG?2 also represses
genes expressed in neural progenitors, including the pan-neural
genes SOX1 to SOX3 and genes involved in subtype specification
such as PAX6 and OLIG2. Indeed, these genes participate in the
neuronal fate acquisition via NEUROG2-positive regulation.
However, they antagonize subsequent neuronal differentiation as
long as they are expressed in committed cells, thus maintaining a
pool of immature neuronal precursors (3, 29, 40, 48). Their re-
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pression by negative feedback from increasing NEUROG?2 levels
is thus the gate to neuronal differentiation. In addition,
NEUROGI/2 activates the expression of a cascade of differentia-
tion genes such as NEUROD and NEUROD4 (7, 13, 35) while
suppressing gliogenesis by sequestering CBP/p300 (49). NEUROG2
also participates in the correct expression of neuronal subtype-
specific homeodomains, such as the interneuron markers Lim1/2 or
the MN markers Hb9 (29, 46). NEUROG?2 thus acts at different mo-
lecular levels to affect neuronal commitment, specification, and dif-
ferentiation, and as data start accumulating, we are identifying the
molecular links between proneural genes and gene networks involved
in specification and differentiation.

On the other hand, the molecular mechanisms by which pro-
neural genes trigger cell cycle arrest remain elusive. Progression
through the cell cycle is driven by cyclin-dependent kinases
(CDK) and their activating cyclin (CCN) partners. Specific com-
binations of CDK/cyclin heterodimers allow progression through
specific phases of the cell cycle. CDK/cyclin activity is suppressed
by interactions with two main groups of inhibitor proteins be-
longing to the INK4 and CIP/Kip families. The rate of cell cycle
progression is determined by the relative abundance of these pos-
itive and negative regulators. A recent study conducted in the
cortex shows that Ascll sequentially activates positive and nega-
tive cell cycle regulators such as Cdkl, Cdk2, or Cdc25B and
Gadd45 or Ceng?2, respectively. This reveals an unexpected role for
Ascll in cell cycle progression, and such a role has never been
described before for other proneural genes (10). In the neural
tube, cells overexpressing NEUROG2 accumulate high levels of
cyclin-dependent kinase inhibitors (CKI) p275"" and p57'*2 (20,
40), but this observation has been made in differentiated neurons,
making it difficult to conclude whether CKI upregulation is the
molecular event that initiates the proliferation arrest of neuronal
precursors.

The goal of our study was to examine the molecular mecha-
nisms by which NEUROG?2 drives cell cycle arrest of spinal pro-
genitors. Our strategy was to identify NeuroG2 early response
genes by using a large-scale approach and to identify those in-
volved in cell cycle control. We combined gain of function in the
developing spinal cord with a global detection of transcript lev-
els using microarrays and identified 942 genes regulated by
NEUROG?2 in a short time frame. We analyzed core cell cycle
regulators and found that NEUROG?2 triggers cell cycle exit by a
rapid downregulation of a subset of cyclins acting at the G, and S
phases of the cell cycle; the expression of associated cyclin-depen-
dent kinases (CDK) or cyclin-dependent kinase inhibitors (CKI)
remains unaffected. We demonstrate that this repression prevents
S phase entry of neural cells, thus favoring cell cycle withdrawal.
Finally, we show that in the developing spinal cord, cell cycle exit
and neuronal differentiation can be experimentally uncoupled
and that NEUROG2, by controlling both events, coordinates
them.

MATERIALS AND METHODS

Embryos. Fertile hen’s eggs (from Gallus gallus) obtained from a local
supplier were incubated at 38°C in a humidified incubator for appropriate
periods to yield embryos of Hamburger and Hamilton stage 9 (HH9) to
HH11 (day E1.5 of development) (21).

Electroporation of DNA. DNA constructs were electroporated on the
left side of the neural tube of stage HH10 chick embryos as described
in reference 24. Chick NEUROG2 constructs were derived from a
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NEUROG?2-Flag in pADRSV, a gift from P. Charnay. The NEUROG2AQ
mutation is a two-amino-acid (aa) substitution at the C terminus of the
NEUROG?2 basic domain (aa 89 and 90 changed from NR to AQ) de-
signed according to reference 17; the mutated DNA used to perform the
substitution was synthesized by ATG:biosynthetics and replaced into
pADRSVNEUROG2flag. Both NEUROG?2 forms were cut from pADRSV
and cloned into the pCIG vector (a gift from A. McMahon). Mouse
NEUROG?2 is a gift from Y. E. Sun (17). pCIG-NEUROG2EnR and
pCIG-NEUROG2VP16 are a gift from C. Schuurmans (Hospital Dr NW,
Calgary). pCIG-CCNDI1-internal ribosome entry site (IRES)-green fluo-
rescent protein (GFP) (31) and pCIG-CCNE-IRES-GFP were obtained by
cloning the CCND1 or CCNE ¢DNA (a gift from V. J. Kidd) into the pCIG
vector. Control experiments have been performed by electroporation of
the pCIG vector alone. For the loss-of-function experiments, we injected
two NEUROG2 small interfering RNA (siRNA) at 50 uM (commercial
source, Eurogentec). Targeted sequences were as follows: 5'-GGTTAGA
AGTCATTGTATA-3" and 5'-CCAACAACCGCGAGCGCAA-3'. The
siRNA CCND1 was a gift from D. Anderson (34). The constructs were
coelectroporated with pCIG to detect electroporated cells by fluorescence.

mRNA expression profiling. Stage HH10 to HH11 embryos (11 to 15
somites) were electroporated with a control vector (pGIG-GFP) or a
NEUROG2- or NEUROG2AQ-expressing vector ()CIGNEUROG2-GFP
and pCIGNEUROG2AQ-GFP). We performed 4 biological replicates for
each experimental condition. For each biological replicate, neural tubes
from 20 embryos were pooled for GFP-positive cell collection using a
fluorescence-activated cell sorter (FACS) (Epics Altra HSS cell sorter,
Toulouse Rio platform). Total RNA was prepared using trireagent (Mo-
lecular Research Center) and stored at —80°C. The RNA quality and con-
centration were controlled by Nanodrop 1000 (Thermo Scientifics) spec-
trometry and a 2100 Bioanalyzer (Agilent). The preparation of labeled
cRNAs and hybridization were performed at the IGBMC Microarray and
Sequencing Platform, Strasbourg, France (http://www-microarrays.u
-strasbg.fr/index.php). cRNAs were prepared according to the Affymetrix
recommendations (without amplification) and hybridized on the Gene-
Chip chicken genome array (Affymetrix), which contains 32,773 tran-
scripts corresponding to over 28,000 chicken genes. All samples were nor-
malized and summarized by the robust multichip analysis (RMA)
normalization method using the Affymetrix package in Bioconductor ver-
sion release (2.4.1). Gene annotations were completed by using the Man-
teia database (41, 51). Significant differences in gene expression were
identified using the analysis of variance (ANOVA) and a false discovery
rate (FDR) of 0.01 (4, 26). Under these conditions, a significant ANOVA
result suggests that the means across the three groups are different at least
between two of the three groups. The hierarchical clustering was per-
formed by using the Hierarchical Clustering Explorer software (HCE;
version 3.5; http://www.cs.umd.edu/hcil/hce/).

In situ hybridization and immunohistochemistry. I situ hybridiza-
tion was performed as described previously (2). Riboprobes have been
synthesized from isolated specific PCR fragments to avoid any corre-
sponding plasmid regions in the probes (sequences of primers used are
available on request). Probes used were PAX6 (44), NEUROD4 (45), DLLI
and HES6 (22), IDI and SMAD3 (15), NHLHI (50), FGER3 (43), and
GLI3 (36); FOXMI (clone 8e118r4) and MYCN (clone 24el5rl) (pur-
chased from the Helmholtz zentrum miinchen [GmbH]); CCNDI,
CCND2, CCND3, and CCNB2 (gifts from V. J. Kidd); and CCNE2 (ob-
tained by PCR on E3.5 cDNA). Immunohistochemistry was performed as
described previously (31). Staining was performed on 45-pm transversal
sections performed with a vibratome (Leica VT1000S). Detailed refer-
ences of used antibodies are available on request. Acquisition of images
and analyses were done with a Leica TCS SP-2 spectral confocal micro-
scope.

Proliferation rate analysis. For proliferation analysis, 10 ul of 48 mM
bromodeoxyuridine (BrdU) solution or of 40 mM 5-ethynyl-2’ deoxyu-
ridine (EdU) solution was deposed on the heart and neural tube of elec-
troporated embryos 30 min before fixation. BrdU was detected by immu-
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nohistochemistry, and EdU detection was performed according to the
manufacturer’s protocol (Invitrogen). The percentage of transfected neu-
ral precursor cells in S phase was determined by counting the number of
total GFP nuclei per section and the number of nuclei expressing both
GFP and BrdU or EAU on optic confocal sections (0.7-pm axial resolu-
tion; images acquired at 3-pm steps). The data correspond to the analysis
of 3 to 5 sections (45-pum thickness) of at least 6 embryos processed in at
least 3 independent experiments for each conditions (more than 2,000
cells were counted for each condition; analyses of variance were calculated
using the appropriate t test method.

FACS. Stage HH10 embryos (11 to 15 somites) were electroporated
with the different constructs. For each experimental point, neural tubes
from 16 embryos were dissected 6 h following electroporation, incubated
for 10 min in trypsin-EDTA to obtain a single-cell suspension, and fixed
for 30 minutes in 4% paraformaldehyde. Cell suspensions were incubated
in 1 mg/ml RNase A and 40 pg/ml propidium iodure (IP) in phosphate-
buffered saline (PBS)-0.5% Triton X-100 before analysis. IP and GFP
fluorescence were quantified using a FACScan cytometer, and DNA con-
tent analysis was performed with the Cyflogic software.

Microarray data accession number. Microarray raw data sets have
been submitted to NCBI GEO with accession number GSE37782.

RESULTS

Setting up an experimental strategy to identify NeuroG2 early
response genes. To identify overall NEUROG2 early response
genes, we combined a gain of function (GOF) strategy using in ovo
electroporation in the chick neural tube, allowing for the targeting
of a thousand spinal neural cells per embryo at a precise time, with
a global measure of transcript levels using chicken microarrays.
We first determined which time window would allow identifica-
tion of early response genes in our experimental system. Based on
our previous experiments, showing that DLLI is upregulated and
PAXG6 is downregulated 6 h following NEUROG?2 electroporation
in the neural tube (3), we performed a time course of PAX6 ex-
tinction between 4 h and 6 h following NEUROG?2 electropora-
tion. PAX6 transcripts start to be notably diminished 5 h after
electroporation and are strongly repressed 6 h after electropora-
tion (see Fig. S1 in the supplemental material). We then checked
the differentiation status of NEUROG?2 electroporated cells 6 h
after electroporation: NEUROG2 cells have activated markers of
young neurons, such as NEUROD4 (or NEUROM), but we do not
detect the neuronal class III B-tubulin protein (TUBB3 or Tujl)
whose expression starts in differentiating neurons (see Fig. S1).
This suggests that NEUROG?2 cells are engaged in the neuronal
program but are not yet differentiated. Therefore, a 6-h time win-
dow appears to be quite appropriate to identify NEUROG2 early
response genes.

To be able to distinguish between targets for NEUROG?2 tran-
scriptional activity (i.e., E-box binding) versus those that are in-
dependent of DNA binding, we generated a chick version of the
NEUROG2 mutant form NEUROG2AQ. This mutant form can-
not bind DNA and is unable to activate the neurogenic cascade in
the cortex (17, 49). However, it retains the ability to interact with
protein partners such as CBP/p300. We verified that as in the
cortex, NEUROG2AQ is unable to promote neurogenesis in the
neural tube (see Fig. S1 in the supplemental material). The use of
this NEUROG2 mutant form thus allows selecting specifically
NEUROG2 targets involved with transcriptional activity.

Identification of NEUROG?2 early response genes in the de-
veloping spinal cord. To compare the transcriptome of neural
precursors overexpressing (i) only GFP, (ii) NEUROG?2, or (iii)
NEUROG2AQ, we transfected the neural tube of E1.5 chick em-
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bryos by electroporation with expression vectors coding for GFP,
NEUROG2-GFP, or NEUROG2AQ-GFP. GFP-positive cells were
collected 6 h later using FACS and processed for RNA probe prep-
aration and hybridization on Affymetrix microarrays (Fig. 1A; see
also Materials and Methods). Expression profiling of neural cells
electroporated with control, NEUROG2, or NEUROG2AQ iden-
tified 1,038 probe sets corresponding to 942 unique genes, reveal-
ing significantly modified expression with a 0.01 false-discovery
rate (FDR) (false-positive rate accepted, =1%) (Fig. 1B; see also
Table S1 in the supplemental material). As expected for a tran-
scription factor acting mainly as a transcriptional activator, 670
probe sets were upregulated by NEUROG2. However, we also de-
tected 368 probe sets downregulated by NEUROG?2. This suggests
that an important fraction of NEUROG?2 activity also goes to the
repression of transcriptional targets. Of these 1,038 probe sets,
only 75 have their expression similarly modified by NEUROG2
and NEUROG2AQ, indicating that in the neural tube, NEUROG2
function requires mainly DNA binding.

As expected, many of the already-known NEUROG2 tran-
scriptional targets have their expression consistently modified in
our screen. For example, PAX6, SOX1, DLL1, LHX1 (see introduc-
tion), and HES6 (14), known to be regulated by NEUROG?2 in the
neural tube, are found significantly upregulated (DLLI, LHX1,
and HES6) or downregulated (PAX6, SOX1I) in our experimental
context (Fig. 1C and Table 1). Moreover, we compared our data
with those of screens already performed to identify NEUROG2
targets in mouse embryonic cortex (18, 37) or in the Xenopus
ectoderm (47). We retrieved by our approach 25 out of the 183
genes that were identified in the cortex and 9 out of the 59 that
were identified in the Xenopus neurectoderm. Among them are
the NHLH1, ELAV4, SNAIL, ZNF238, HES5, or CXCR4 genes that
are known to be expressed in the neural tube. Furthermore, we ana-
lyzed randomly selected putative targets, and all of them are expressed
in the neural tube and have their expression modified 6 h after
NEUROG?2 electroporation (Fig. 1D and not shown). As our exper-
imental set up was efficient in retrieving classical NEUROG?2 targets,
itislikely that a large proportion of the novel genes identified are bona
fide spinal progenitor NEUROG2 targets.

NEUROG?2 rapidly modulates the expression of major play-
ers of neural cell proliferation. To extract from our data set all the
genes related to cell cycle control, we performed a global analysis
of the main biological processes modified after NEUROG2 ex-
pression using the Genecodis software (9, 39) (http://genecodis
.dacya.ucm.es/) (Table 1 and Fig. 2). Among the 942 NEUROG2
targets, 669 annotated genes were processed further. A total of 624
were assigned one or more GO terms: biological process (BP; Fig.
2A) or KEGGS pathways (Kyoto Encyclopedia of Genes and Ge-
nomes; KP; Fig. 2B). A large set of targets is involved in biological
processes such as cell differentiation (P = 3.87e—08, 34 genes) or
nervous system development (P = 3.08e—07, 30 genes, e.g., PAX6,
HES6, NHLH1, or LHX1I). As expected, numerous members of the
NOTCH signaling pathway are significantly regulated (P =
4.30e—06, 10 genes, e.g., JAGI, JAG2, DLL1, LNENG, or HESI).
Several genes related to neuronal function are also enriched in the
NEUROG?2 transcriptome, such as genes associated with axon
guidance (SEMA6B, SEMA6D, EPHBI), synaptic transmission
(KCNMB4, KCNMAL1), chemotaxis (CCL19, CXCR4, CXCLI12),
or glutamate receptor activity (GRIN3A, GRIK4, GRIK3). Thus,
this global analysis allows identifying gene groups in coherence
with known NEUROG?2 functions.
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FIG 1 Identification of NEUROG2 early target genes in the neural tube. (A) Schematic representation of the step-by-step protocol. Neural tubes were
electroporated at stage E1.5 with NEUROG2-GFP, NEUROG2AQ-GFP, or CTL-GFP and dissected 6 h later. GFP-positive dissociated neural cells were processed
for RNA extraction and cRNA synthesis before hybridization on chick Affymetrix arrays. Four biological replicates were performed for each experimental
condition. (B) Hierarchical clustering of the expression values in each replicate for each probe set modified with an FDR of <0.01 (1,038 probe sets). Probe sets
are displayed in lines and array slides in columns. The two main clusters correspond to genes downregulated (368 probe sets) or upregulated (670 probe sets) by
NEUROG2. On top of the dendrogram are shown the schematic distances of the 4 replicates for the 3 experimental conditions, right to left: NEUROG2,
NEUROG2AQ, and CTL. Expression signal intensities are shown in red and green, indicating high and low expression, respectively. (C) Histogram representing
the expression values of PAX6, SOX1, DLL1, and HES6 in the 4 replicates of each biological condition. (D) Expression analysis of predicted NEUROG?2 targets
on neural tube transversal sections, 6 h following NEUROG2 or NEUROG2AQ electroporation. In the left panels, GFP expression indicating NEUROG2 or
NEUROG2AQ expression; in the right panels, detection of transcripts by in situ hybridization. Note that the use of digoxigenin NBT/BCIP complexes to detect
the riboprobes masks the GFP signal when gene expression is high (see, for example, NEUROD4). Hence, the GFP signal is just indicative of the electroporated
domain.

Importantly, NEUROG?2 also regulates a high proportion of genes; KP, P = 4.06e—09, 19 genes). This subset of NEUROG2
genes involved in the cell cycle, allowing us to examine the molec-  targets includes transcription factors influencing cell prolifera-
ular mechanisms by which NEUROG2 induces cell cycle arrest tion, such as MYCN or FOXM1, as well as genes involved in the
(Table 1, Cell cycle). Indeed, cell cycle is one of the most enriched  core cell cycle machinery, such as WEE1, AURKA, and BUBI, or
biological processes in KEGGS pathways (BP, P = 1.63e—09, 38  direct cell cycle regulators, such as CCNDI or CCNE1/2. All these
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TABLE 1 Examples of some NEUROG2 targets according to gene ontology analysis

NGN2/CTL NGN2/AQ CTL/AQ

Gene Gene title  Description FDR ratio ratio ratio
Nervous system development (BP)
Gga.556.1.51_at PAX6 Paired box gene 6 5.80E—04 0.418 0.578 1.381
Gga.621.1.51_at HOXA2 Homeobox A2 7.32E—03  0.532 0.639 1.202
Gga.789.1.51_at LHX1 LIM homeobox 1 4.52E—03  1.802 1.813 1.006
Gga.165.1.51_at SOX1 SRY (sex determining region Y) box 1 7.60E—04  0.528 0.807 1.529
Gga.2703.1.51_at HES6 Hairy and enhancer of split 6 3.36E—06  4.937 13.270 2.688
Gga.6180.1.52_at SMAD3 SMAD family member 3 9.10E—06 2917 3.831 1.313
Gga.141.1.51_at NHLHI Nescient helix-loop-helix 1 9.61E-06  5.953 8.086 1.358
Notch signaling (KP)
Gga.2894.1.51_at JAGI Jagged 1 2.64E—04 2.125 4.611 2.170
Gga.4932.1.51_at JAG2 Jagged 2 3.73E—04  2.182 2.662 1.220
Gga.2283.1.51_at DLLI Delta-like 1 2.97E—05 3.348 9.069 2.709
(Gga.3180.1.52_a_at LENG O-fucosylpeptide 2.99E—03 1.077 1.627 1.511
3-beta-N-acetylglucosaminyltransferase
Gga.3754.1.51_a_at HESI Hairy and enhancer of split 1 2.16E—03  0.536 0.565 1.054
Gga.11762.1.51_at HES5 Similar to hairy and enhancer of split 5 2.87E—04  2.167 2.578 1.190
Axon guidance (KP)
Gga.2807.1.51_at SEMAG6B Semaphorin 6B 1.69E—05 15.456 23.337 1.510
GgaAffx.21262.1.51_s_at SEMA6D  Semaphorin 6D 2.61E-03  2.504 3.087 1.233
Gga.694.1.51_at EPHBI EPH receptor Bl 1.66E—03 1.634 1.723 1.054

Chemotaxis (KP)

Gga.11252.1.51_at CCL19 Chemokine (C-C motif) ligand 19 2.16E—03  1.948 1.943 0.997
(Gga.2305.1.51_at CXCR4 Chemokine (C-X-C motif) receptor 4 5.67E—04 0.384 0.555 1.444
Gga.9513.1.52_at CXCLI2 Chemokine (C-X-C motif) ligand 12 2.02E—04 3.423 5.898 1.723
Glutamate receptor activity (KP)
GgaAffx.9910.1.51_s_at GRIN3A Glutamate receptor, ionotropic, N-methyl-p- 2.09E—04 3.738 3.300 0.883
aspartate 3A
GgaAffx.1387.1.51_s_at GRIK3 Glutamate receptor, ionotropic, kainate 3 6.09E—04  2.494 2.906 1.165
GgaAffx.4124.1.S1_at GRIK4 Glutamate receptor, ionotropic, kainate 4 7.82E—03  1.839 1.799 0.979
Synaptic transmission (KP)
Gga.19588.1.51_at KCNMAI  Potassium large conductance calcium-activated 7.96E—03  1.863 1.987 1.067
channel
Gga.12259.1.51_at KCNMB4  Potassium large conductance calcium-activated 2.15E—03  2.267 2.012 0.888
channel

Cell cycle (BP)

(Gga.1030.1.51_at MYC v-myc viral oncogene homolog 1.13E—03  0.321 0.413 1.289
Gga.5109.1.51_s_at N-MYC v-myc, neuroblastoma derived 1.86E—05  0.404 0.549 1.357
Gga.4129.1.51_at CCNA2 Cyclin A2 4.50E—03  0.587 0.576 0.982
GgaAffx.11332.1.51_s_at CCNE]1 Cyclin E1 7.21E-03  0.653 0.855 1.310
GgaAftx.11513.1.51_s_at CCNE2 Cyclin E2 2.55E—-03  0.575 0.484 0.841
Gga.3039.1.51_at CCNDI Cyclin D1 2.09E-03  0.575 0.562 0.977
Gga.3974.1.52_at CCND2 Cyclin D2 6.86E—03  1.101 1.305 1.185
Gga.7180.1.S1_s_at BUBI Budding uninhibited by benzimidazole 1 homolog  4.92E—03  0.667 0.624 0.936
GgaAffx.12026.1.51_s_at FOXM1 Forkhead box M1 2.33E—03  0.440 0.471 1.069
Gga.9936.1.51_at AURKA Aurora kinase A 450E—04 0.486 0.438 0.902
GgaAftx.21171.1.51_s_at BTG2 BTG family, member 2 7.82E—06  3.405 4.598 1.350
GgaAffx.12080.1.51_s_at DCK Deoxycytidine kinase 1.90E—03  0.491 0.501 1.018
(Gga.1927.1.51_at GADD45A  Growth arrest and DNA-damage-inducible, alpha 1.38E—04 2.644 3.364 1.273
Gga.13515.1.51_at LBR Lamin B receptor 1.17E—03  0.666 0.608 0.912
Gga.1984.2.A1_a_at MAD2L1I  MAD2 mitotic arrest deficient-like 1 492E—03 0.715 0.716 1.002
Gga.4036.1.51_at PCNA Proliferating cell nuclear antigen 1.78E—05  0.662 0.663 1.002
(Gga.2303.1.51_at RAD51 RAD51 homolog (reca homolog, Escherichia coli) 1.45E—03  0.658 0.566 0.860
(Gga.4068.1.51_at RANPI RAN, member RAS oncogene family pseudogene 1 ~ 1.04E—03  0.849 0.854 1.005

(Continued on following page)
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TABLE 1 (Continued)

NEUROG2 Represses G;/S Cyclins in the Neural Tube

NGN2/CTL NGN2/AQ CTL/AQ
Gene Gene title  Description FDR ratio ratio ratio
GgaAffx.12545.1.51_s_at RPA1 Replication protein Al, 70 kDa 8.73E—05 0.634 0.610 0.962
Gga.1820.1.51_s_at RPA2 Replication protein A2, 32 kDa 2.01E—03 0.773 0.734 0.950
Gga.13504.1.51_at RRM2 Ribonucleotide reductase M2 polypeptide 7.91E—05 0.587 0.496 0.846
Gga.421.2.51_a_at TK1 Thymidine kinase 1. soluble 5.11E—04 0.430 0.396 0.922
Gga.12234.1.51_at TYMS Thymidylate synthetase 2.72E—03  0.700 0.699 0.998
Gga.9320.1.51_at WEEI WEE!I homolog 1.OIE—04 0.444 0.446 1.004

putative targets involved in promoting proliferation are down-
regulated by NEUROG2. Thus, this global analysis indicates that
one of the first functions of NEUROG2 is to repress the expression
of positive players of cell proliferation.

Core regulators of the G, and S phases of the cell cycle are
rapidly downregulated by NEUROG2. Many cell cycle-related
genes are rapidly downregulated after NEUROG?2 overexpression,
and we analyzed in detail the expression of core cell cycle regula-
tors present in the array (Fig. 3A). First, we found that p27*!
expression is not modified by NEUROG2 overexpression (Fig.
3B). We confirmed this result by immunohistochemistry showing
that p27"! protein is not activated 6 h postelectroporation (Fig.
3C), whereas, as previously reported, it clearly accumulated in
NEUROG2-transfected cells 48 h hours postelectroporation (see
Fig. S2 in the supplemental material) (20, 40). We made similar
observations for other inhibitors belonging to the CIP/Kip or the
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FIG 2 Ontological classification of genes modified by NEUROG2. Graphs
showing the number of genes per singular ontological annotation determined
by GeneCodis 2.0. (A) Biological processes; (B) KEGG pathways (B) (Kyoto
Encyclopedia of Genes and Genomes). The statistical significance is deter-
mined by calculating the P value.
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INK families (Fig. 3B). Thus, upregulation of CKIs is not an early
response to NEUROG2.

Instead, we found that CCNDI1, CCNEI, CCNE2, and CCNA2,
acting at the G; and S phases of the cell cycle, are downregulated
within 6 h (Fig. 3B). The expression of their associated CDKs is not
modified under these conditions (Fig. 3B). Moreover, the expres-
sion of CCNB2 involved in the G,/M transition is not changed
(Fig. 3B). From the three D-type cyclins (CCND) involved in G,
progression, only CCND1 is downregulated, with CCND2 and
CCND3 being unaffected (Fig. 3B). Analysis of our data set there-
fore suggests thatamong direct cell cycle regulators, only a subtype
of cyclins has its expression modified by NEUROG2, but not by
NEUROG2AQ, indicating that this regulation is DNA binding
dependent. We validated these data obtained with our transcrip-
tomic approach by analyzing in more detail the regulation of two
of these cyclins: CCND1 and CCNE2. Using in situ hybridization,
we confirmed that CCND1 and CCNE2 are rapidly downregu-
lated following NEUROG2 gain of function (Fig. 3C). To ascertain
the specificity of NEUROG2 action on these cell cycle regulators,
we analyzed their expression in loss-of-function conditions, using
two different siRNAs to target endogenous NEUROG?2 (see Ma-
terials and Methods). We started verifying that our siRNAs extin-
guish specifically NEUROG2 transcript and lead to a reduction of
neuronal differentiation (see Fig. S3 in the supplemental mate-
rial). We then tested the expression of CCND1 and CCNE2 24 h
after siRNA electroporation. As seen on Fig. 3D, the acute reduc-
tion of endogenous NEUROG2 provokes an accumulation of
CCND1 and CCNE2 transcripts without affecting CCND2 ex-
pression as expected from our transcriptomic data. This upregu-
lation doesn’t occur when the siRNA is coelectroporated with a
vector expressing the mouse NeuroG2, confirming the specificity
of the siRNAs (Fig. 3D). NEUROG?2 is thus necessary for CCND1
and CCNE2 downregulation in spinal progenitors. Hence, among
the core regulators controlling the cell cycle, only a subset of cy-
clins governing the G, and S phases are rapidly and specifically
downregulated in response to NEUROG2.

Although NEUROG?2 has not been shown to act as a transcrip-
tional repressor, we nevertheless tested whether this repression
could be direct. We used two NEUROG2 modified forms: a
NEUROG2VP16 form acting as a constitutive activator and a
NEUROG2EnR form acting as a constitutive repressor in the ce-
rebral cortex (C. Schuurmans, personal communication). We as-
sumed that if NEUROG2 acts as a transcriptional activator,
NEUROG2VP16 would mimic the effect of NEUROG?2,
NEUROG2EnR having no or the opposite effect. We validated
these constructs by looking at PAX6 expression that we know to be
indirectly repressed by NEUROG2 in the neural tube (M. La-
comme, unpublished observation). As expected, PAX6 expres-
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FIG 3 G, and S cyclins are rapidly downregulated by NEUROG2. (A) Schematic drawing of the relationship between core regulators of the different phases of
the cell cycle. Specific combinations of CDK/cyclin heterodimers allow progression in the different phases of the cell cycle. Two families of cyclin-dependent
kinase inhibitors (CKIs) promote cell cycle withdrawal by blocking the activity of cyclin/cyclin-dependent kinase complexes: the Cip/Kip family, including
p219P1 p2 7Pl p57KP2 Jand the INK4 family, including p15 Ink-4b, p18 Ink-4c, and p19 Ink-4d (p16 Ink-4a is not found in the chicken genome). In blue, genes
being annotated in the Affymetrix array but not modified; in black, genes not found on the array; in green, genes downregulated by NEUROG2. (B) Table listing
the NEUROG2/CTL expression ratio of the core cell cycle regulators present on the array. (C) Analysis of the expression of some cell cycle regulators 6 h following
NEUROG2 (NGN2) electroporation of HH10 embryos. The electroporated side is on the left on transversal sections (GFP in green). p275'P! protein was detected
by immunohistochemistry (panels b and b’ are close-ups of panels a and a’, respectively). See that no electroporated cells (in green) express p27<"*1 protein (in
red). Transcripts of CCND1 (¢"), CCND2 (d'), CCNE2 (e’), and CCNB2 (f') were detected by in situ hybridization. As predicted by the microarray data, CCND1
and CCNE2 are downregulated by NEUROG2. (D) Analysis of the expression of CCND1 (aand a’), CCNE2 (c and ¢’), and CCND2 (d and d") 24 h following
NEUROG2 downregulation by siRNA-NEUROG?2 electroporation (siRNA-NGN2). CCND1 and CCNE2 transcripts are upregulated (a’ and ¢’), confirming that
NEUROG?2 is necessary for their repression. (b and b’) Coelectroporation of a cDNA expressing a mouse NEUROG2 (mNGN2) with the siRNA-NEUROG2
restores a normal expression of CCND1. (E) Analysis of the expression of CCND1 and CCNE2 6 h following electroporation of NEUROG2-VP16 (NGN2-VP16)
or NEUROG2-EnR (NGN2-ENR). CCND1 and CCNE2 are downregulated by NEUROG2-VP16 (a’ and b"). CCNDI transcripts are not reduced by NEUROG2-
ENR (cand ¢), whereas CCNE2 transcripts are significantly reduced (d and d’).

sion is strongly repressed by NEUROG2VP16 but not signifi-
cantly affected by NEUROG2EnR in the neural tube (see Fig. S4
in the supplemental material). We tested the expression of
CCNDI1 and CCNE2 in the same experimental conditions. We
found that CCNDI is strongly repressed by NEUROG2VP16,
NEUROG2EnR having little or no effect (Fig. 3E), indicating
that CCND1 is repressed indirectly by NEUROG2. However,
the regulation of CCNE2 appears to be more complex, as we
observed a reduction of CCNE2 transcripts with both
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NEUROG2VP16 and NEUROG2EnR (Fig. 3E). Hence, these
experiments indicate that NEUROG?2 represses CCND1 and
CCNE2 in an indirect manner but open the possibility that
CCNE?2 is also repressed by a direct mechanism (see Discus-
sion).

NEUROG?2 rapidly impedes cell cycle reentry of spinal pro-
genitors. The rapid downregulation of G,/S cyclins suggests that
within 6 h, neural cells overexpressing NEUROG?2 no longer enter
S phase. To test this hypothesis, we measured the percentage
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FIG 4 NEUROG?2 blocks S phase reentry via the repression of CCNDI and CCNE. (Aa to Ac and Ca to Cd) Close-ups on transversal sections of embryos
electroporated with the mentioned constructs and incubated 30 min with BrdU just before harvesting, 6 h following electroporation. GFP in green; BrdU in red.
(Ad and Ce) Histograms presenting the quantification of the BrdU incorporation rate in the mentioned experimental conditions (***, P < 0.001; Student ¢ test).
(B) Schematic representation of G,/S transition, which is controlled by two families of cyclin: CCND and CCNE. An important restriction point (R) is located
at the end of G, phase. The passage of this point leads to nonreversible passage through S phase. Phosphorylation of pRb by CDK4/6 cyclin D leads to E2F release.
E2F promotes cyclin E transcription that in turn further phosphorylates pRb releasing more E2F. High levels of E2F promote the passage through the restriction
point in late G, and activate CCNA transcription that drives cells through S phase and replication. (D) Flow cytometry analysis of cell cycle phase distribution:
representative example of the profile of cells expressing control DNA. (E) Curves showing the repartition of the cells in G,/G,, S, and G,/M phases measured on

FACS profiles of GFP-positive cells 6 h following electroporation with CTL, NEUROG2, CCND1, or NEUROG2 and CCNDI1 (*, P < 0.05; Student  test).

of cells in S phase in transfected populations overexpressing
NEUROG?2, NEUROG2AQ, or CTL 6 h after electroporation, by
applying a 30-min BrdU pulse just before collecting the embryos
(Fig. 4A). As expected from the array data, NEUROG2AQ does
not modify the BrdU incorporation rate (38.2% = 8% of the
NEUROG2AQ cells incorporated BrdU compared with 41.8% *
14% in the CTL condition). In contrast, we observed a dramatic
fall of this percentage upon NEUROG2 overexpression (2.1% =+
2%) (Fig. 4A), indicating that cells overexpressing NEUROG2 are
retained in some cell cycle phases. If NEUROG2 controls the G,/S
transition, neural cells overexpressing NEUROG2 should be kept
in G,. We thus performed FACS analysis to determine the distri-
bution of transfected cells in the different phases of the cell cycle 6
h after NEUROG2 overexpression. We observed that NEUROG2-
positive cells clearly start to accumulate at the G,/G, phase of the
cell cycle (Fig. 4E) (74.6% = 6.4% of the NEUROG2-positive cells
versus 60.6% = 2.9% in CTL cells; P < 0.05). As these cells do not
yet express p27°P! or the B tubulin protein (see Fig. S1 in the
supplemental material), our results indicate that NEUROG2 up-
regulation causes a rapid arrest in G, preceding the upregulation
of CKls.
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Shutting down CCND1 and CCNE is needed to hold cells in
G, downstream of NEUROG?2. If the cell accumulation in G,
phase that we observed following NEUROG?2 electroporation is
directly linked to the repression of G,/S cyclin expression, main-
taining one of these cyclins in otherwise NEUROG2-expressing
cells should restore cell cycle progression. To test this, we electro-
porated NEUROG?2 alone or in conjunction with CCND1 or
CCNE and 6 h after performed a 30-min BrdU pulse just before
collecting the embryos (Fig. 4C). Cotransfection of either CCND1
or CCNE with NEUROG?2 fully rescues the lack of BrdU incorpo-
ration observed with NEUROG?2 alone, to a level similar to that
observed with CCND1 or CCNE alone (Fig. 4C) (63.8% = 2% of
GFP™" BrdU™ cells with NEUROG2 and CCND1 and 87% = 8%
with NEUROG2 and CCNE versus 2.1% = 2% with NEUROG2
alone). In addition, FACS analysis shows that when coelectropo-
rated with NEUROG2, CCND1 prevents cell accumulation in
the G,/G, phases observed with NEUROG2 alone (Fig. 4E)
(74.6% * 6.4% of the NEUROG2™" cells versus 57% =* 6.5% in
NEUROG2" CCND1" cells; P < 0.05). This finding links the
early NEUROG2-driven G; accumulation to the repression of
G, and S cyclins.
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FIG 5 NEUROG?2 can control differentiation independently of cell cycle exit. (A) Detection of PAX6 (a’, ¢’, and e’) and DLL1 (b, d’, and ") transcripts on
transversal sections by in situ hybridization 6 h following electroporation with CCND1 (aand b"), NEUROG2 (cand d’), or NEUROG2 and CCNDI1 (e and {").
PAX6 and DLLL1 transcripts are modified by NEUROG?2 even in the presence of high levels of cyclin D1. (B) Detection of GFP" TUJ1™" cells 24 h postelectro-
poration with the mentioned constructs. (a and f) Close-up on transversal sections of embryos electroporated with the mentioned constructs 24 h following
electroporation and analysis of TUBB3 (Tujl). GFP in green; Tujl in red. (g) Histograms presenting the T quantification of GFP™ Tujl™ cells (in black) and
GFP* BrdU™ cells (in gray) in the mentioned experimental conditions, 24 h following electroporation (**, P < 0.01; ***, P < 0.001; Student ¢ test). (C) Detection
of GFP" TUJ1" EDU™ cells 24 h postelectroporation with the mentioned constructs. (a to d) Close-up on transversal sections; GFP in green, EdU in blue, TUJ1
in red. (e) Histograms presenting the quantification of TUJ1 " EDU™ cells among the GFP™ cells in the mentioned experimental conditions (**, P < 0.01; ***,

P < 0.001; Student ¢ test). (D) NEUROG2 can control neuronal differentiation independently of cell cycle exit.

NEUROG?2 coordinates cell cycle exit with neuronal differ-
entiation. The results presented so far show that NEUROG?2 re-
presses specifically a subset of cell cycle regulators that drive cell
cycle arrest in G,. Given that NEUROG?2 also represses patterning
genes and initiates differentiation genes, we wondered if these
different events were dependent on each other or could be con-
trolled independently by NEUROG?2. It has been proposed that in
the developing cortex, CCND1 downregulation is sufficient to
trigger neuronal differentiation, suggesting that neuronal differ-
entiation could be a consequence of cell cycle exit. We checked to
see whether in our experimental conditions CCND1 downregula-
tion was sufficient to induce precocious neuronal differentiation.
The downregulation of CCND1, using a short hairpin RNA
(shRNA) construct (RNAiD1) (34), leads to a significant reduc-
tion of BrdU incorporation as seen 24 h postelectroporation (see
Fig. S5 in the supplemental material) (27% = 4.6% of RNAiD1™"
BrdU" cells and 37.5% * 7.4% of GFP* BrdU ™ cells in a control).
However, it is not accompanied by an increase of TUJ1 7 cells,
indicating that reducing the CCND1 level is not sufficient to pro-
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mote neuronal differentiation (see Fig. S5) (5.9% * 1.5% of
RNAID1" TUJ17 cells and 6.1% * 1.3% of GFP* TUJ17 cells in
a control).

We then examined if, on the contrary, the maintenance of one
G,/S cyclin would impede the capacity of NEUROG?2 to push cells
out of the progenitor state and trigger neuronal differentiation.
We started analyzing the expression pattern of PAX6 6 h following
NEUROG?2 and CCNDL1 electroporation (Fig. 5A). PAX6 tran-
scripts expression is repressed by NEUROG2 even in the pres-
ence of CCNDI1. We also observed that DLL1 is upregulated in
NEUROG?2 and CCNDI transfected cells (Fig. 5A). These data
show that NEUROG?2 cells, despite maintaining CCND1 expres-
sion, are still able to extinguish progenitor genes and to commit to
the neuronal fate. We asked if these NEUROG2 and CCND1
transfected cells were able to initiate neuronal differentiation by
analyzing the differentiation status of cells overexpressing
NEUROG2, CCNDI1, CCNE, or combinations of them 24 h
postelectroporation. As already described, electroporation of
NEUROG?2 alone leads to precocious neuronal differentiation
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(Fig. 5B) (64.3% * 6.7% of NEUROG2™ cells express TUJ1 in-
stead of 6.2% * 1.9% in a control). Interestingly, we also detect
many GFP™ TUJ1" cells in the ventricular zone of the neural tube
electroporated either with NEUROG2 and CCND1 or NEUROG2
and CCNE (Fig. 5B) (60.4% = 3.7% or 31.7% = 7.5%, respec-
tively), whereas neither of these cyclins alone is able to induce an
early expression of TUJ1 (1.2% = 0.9% of GFP™ TUJ1™ cells for
CCND1 and 1% = 0.5% for CCNE). This indicates that
NEUROG?2 can promote expression of differentiation markers
independently of G,/S cyclin repression.

This could be due to the fact that cells coelectroporated with
NEUROG?2 and CCND1 or CCNE manage to escape the cell cycle
to differentiate. To check if these cells are still cycling, we per-
formed a 30-min BrdU pulse 24 h postelectroporation. Cells mis-
expressing NEUROG2 alone do not incorporate BrdU at 24 h as
expected from data obtained at 6 h (Fig. 5B) (0.93% =* 2.3% of
NEUROG2" BrdU™" cells). However, cells transfected with
NEUROG2 and CCND1 or NEUROG?2 and CCNE are still pro-
liferating 24 h postelectroporation (Fig. 5B) (37.5% = 7.3% of
GFP™ BrdU" control cells, 40% * 4.6% of NEUROG2"
CCND1" BrdU" cells, and 41.5% * 4.4% of NEUROG2"
CCNE™ BrdU™ cells). This suggests that a large proportion of
cells being kept in the cell cycle are able to initiate their differ-
entiation.

We further analyzed in these different conditions the number
of cells both cycling and expressing TUJ1. To circumvent incom-
patibility between antibodies, we used EAU instead of BrdU to
mark proliferating cells. We applied a 30-min pulse of EAU before
harvesting the embryos and measured differentiating neurons
that incorporated EdU (Fig. 5C). When electroporating a control
vector, 0.77% = 0.48% transfected cells are EQU " TUJ17, indicating
that few cells start to express neuronal markers before they accom-
plish their last division. Similarly when electroporating NEUROG2
alone, only 1.1% = 1.1% of transfected cells are EdU™ TUJ1™, con-
sistent with the fact that NEUROG?2 rapidly triggers cell cycle exit. In
contrast, the proportion of EdU™ TUJ1 ™ cells is increased by 20-fold
in the GFP™ population when NEUROG? is coelectroporated either
with CCND1 or CCNE (20.7% =+ 8.8% and 20.2% * 5.2% of EDU™
TUJ1* cells, respectively). This indicates that a large proportion of
NEUROG?2 and CCND1 or NEUROG2 and CCNE cells start to dif-
ferentiate despite being still in the cell cycle.

All together, these observations show that in the developing
neural tube NEUROG?2 can trigger expression of markers of neu-
ronal differentiation independently of cell cycle arrest. This indi-
cates that cell cycle exit is not an indirect consequence of neuronal
differentiation but rather an event which is controlled in parallel
by NEUROG?2 (Fig. 5D). Hence, in the developing spinal cord, cell
cycle exit can be uncoupled from neuronal differentiation, and a
main function of NEUROG2, in the course of normal develop-
ment, is to coordinate these two separable events.

DISCUSSION

In this study, we set up a global approach that allowed us to define
how NEUROG?2 induces cell cycle arrest in spinal progenitors. We
found that NEUROG?2 represses specifically some cyclins, includ-
ing CCND1 and CCNE1/2, acting at the G, and S phases of the cell
cycle. We showed that the downregulation of these cyclins pre-
vents S phase entry and favors withdrawal from the cell cycle.
Conversely, maintaining CCND1 or CCNE expression was suffi-
cient to prevent the cell cycle arrest mediated by NEUROG?2, with-
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out affecting the capacity of NEUROG?2 to promote neuronal dif-
ferentiation. All together, our study unmasks the mechanisms by
which NEUROG?2 triggers cell cycle exit and indicates that cell
cycle withdrawal and neuronal differentiation are two indepen-
dent processes regulated in parallel by NEUROG2.

NEUROG?2 specifically represses G, and S phase cyclins to
induce a rapid G, phase arrest. We showed that NEUROG?2 spe-
cifically represses some G, and S phase cyclins and that this repres-
sion occurs prior to p27*'*! activation. This is in accordance with
the work of Gui et al., who proposed that the decision to withdraw
from the cell cycle occurs before CKI activation in the spinal cord,
at the end of mitosis or early G, (20). Here, we identified a molec-
ular mechanism that accounts for this early cell cycle arrest (Fig.
6). It has been shown that later on, nascent neurons express CKI of
the CIP/KIP family (20, 40). All together, these data argue for a
multistep process of cell cycle withdrawal, involving early repres-
sion of G,/S phase cyclins by NEUROG?2 for the initial decision to
stop cycling and a later action of CKIs such as p27<"'or p57~*
that could, by blocking residual CDK/cyclin activity, reinforce
blockade of S phase entry, thereby rendering cell cycle withdrawal
irreversible (Fig. 6). A recent study performed in a Xenopus em-
bryo shows that CDK activity can phosphorylate NEUROG?2,
thereby destabilizing the protein and preventing neurogenesis (1).
The rapid downregulation of CCND1, CCNE, and CCNA, by re-
ducing the level of CDK activity, may contribute to stabilizing
NEUROG?2 protein, thus turning the balance toward neuronal
differentiation.

NEUROG2-positive cells are rapidly arrested in G,. The G,
phase is a critical phase allowing response to extracellular cues that
induce either a further round of division through reentry into the
S phase or withdrawal from the cell cycle (23). It is long known
that, in the cortex, neurogenesis correlates with a lengthening of
G, phase (8, 28, 33). It has been recently proposed that this G,
phase lengthening may be required to provide enough time for cell
fate determinants to be effective (8). Hence, time may be a limiting
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factor for cell fate change to occur, and a relatively long G, phase
may allow a switch to neurogenesis. Thus, in addition to favoring
cell cycle exit, NeuroG2-induced G, arrest could allow spinal neu-
ronal precursors to accumulate proteins necessary for their differ-
entiation. This could be a good way to couple cell cycle exit with
neuronal differentiation.

It has been shown recently that the proneural Ascll gene has a
positive action both on G,/S and G,/M core regulators, as it in-
duces Cdk1, Cdk2, E2f1, and Cdc25B expression in cortical cells
(10). We didn’t detect any induction of positive players of the cell
cycle with NEUROG2, but we cannot exclude that low levels of
NEUROG2, prior to triggering cell cycle exit of neuronal precur-
sors, could also promote proliferation of neural progenitors.

Mode of regulation of G, and S cyclins by NEUROG2. One
remaining question is how NEUROG?2 represses CCND1 and CCNE
expression. D type cyclins are the targets of extracellular signals and
major effectors of G, phase progression (27, 31). Their repression
causes a reduction of the hyperphosphorylated form of pRb, leading
to a decrease of the E2F-dependent transcription of CCNE1/2 and
CCNA1/2 and thereby triggering cell cycle arrest. Cyclin D1 repres-
sion could be thus sufficient to account for the CCNE/A rapid down-
regulation we observed. Alternatively, NEUROG2 could repress
CCND1 and CCNE1/2 all at once to ensure a more efficient block of
the S phase entry. NEUROG?2 acts mainly as an activator, but it is also
able to repress some genes by sequestering CBP/p300. The observa-
tion that NEUROG2AQ doesn’t mimic the NEUROG2 effect on
these cyclins argues against a repression through CBP/p300 seques-
tration. By using NEUROG2VP16 and NEUROG2EnR, we show
that the repression of CCND1 is indirect and requires NEUROG2
activator’s activity, suggesting the involvement of an intermediary
gene. For CCNE2, we also observe a reduction of CCNE2 transcript
level with NEUROG2VP16, indicating an indirect repression. This
could be the result of CCNDI1 downregulation and of the resulting
decrease of the E2F-dependent transcription of CCNE2 as described
above. However, we observe as well a reduction of CCNE2 transcript
with NEUROG2EnR, suggesting that NEUROG2 could repress
CCNE2 directly, thereby allowing a sharp cell cycle arrest. Consistent
with this result, we found a putative NEUROG2-specific EBOX in the
vicinity of the CCNE2 promoter (data not shown). Resolving the
mechanism of CCND1 and CCNE regulation by NEUROG?2 is im-
portant but will require in-depth investigation.

Cyclin D1 is the only D-type cyclin to be repressed by
NEUROG?2. An intriguing finding is that among the three D-type
cyclins, only CCND1 is inhibited. All three G, cyclins interact with
CDK4/6 to trigger G, progression. One possibility is that CCND2
and CCND3, in addition to controlling the cell cycle, also play a
role in postmitotic neurons. Indeed, CCND3 is barely expressed in
progenitors and seems to accumulate preferentially in differenti-
ating neurons, and CCND2 is reinforced at the basal side of the
neural tube (Fig. 6), suggesting that it could be expressed in young
postmitotic neurons. These cyclins could be required in these cells
to sustain proliferation arrest, as it has been described for CCND3
in differentiated muscle cells (11). Another rationale for repress-
ing specifically CCND1 could come from the fact that CCNDI1 can
also control proliferation via a transcriptional function, directly
binding to the NOTCH upstream regulatory sequences where it
recruits CBP/p300 to trigger proliferation (6). NOTCH signaling
is involved in maintaining or even stimulating the proliferative
state (32) and is also rapidly modulated by NEUROG2. Repressing
CCNDI would thus be an efficient way for NEUROG2 to rapidly
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block cell cycle progression, directly via CCND1 and indirectly via
the NOTCH signaling pathway.

NEUROG?2 coordinates cell cycle exit with neuronal differ-
entiation. Whether neuronal differentiation mediated by
NEUROG2 can be controlled independently of cell cycle exit is a
long-standing debate. We show that maintaining CCND1, despite
keeping NEUROG2™ cells cycling, doesn’t prevent premature
expression of markers of neuronal differentiation triggered by
NEUROG?2. These observations indicate that in the spinal cord,
neuronal differentiation can be controlled independently of cell
cycle exit by NEUROG?2. This is in accordance with studies show-
ing that cell cycle exit is not a prerequisite for neuronal differen-
tiation (30) and is not sufficient to trigger neuronal differentiation
(12, 16). Moreover, it indicates that cell cycle withdrawal is not a
consequence of neuronal differentiation. However, in the course
of normal development, these two events have to be properly co-
ordinated in order to avoid the production of aberrant cycling
neurons. Here, we identify an early effect of NEUROG2 on cell
cycle arrest, via the specific repression of cyclin of the G, and S
phases of the cell cycle. This finding provides molecular evidence
that NEUROG2, while regulating specification and differentiation
genes, also actively controls cell cycle regulators, thereby coupling
neuronal differentiation to cell cycle withdrawal.
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